Background: Adaptive immunity plays a critical role in atherosclerosis and hypertension. T helper 17 (Th17) cells, as a new T-cell lineage, are involved in cardiovascular diseases. Dendritic cells (DCs) are the professional antigen-presenting cells with the pivotal role in orchestrating adaptive immunity. Thymic stromal lymphopoietin (TSLP) can activate DCs and trigger adaptive immune responses. What the role of TSLP in atherosclerosis and hypertension has not been investigated. Methods and Results: We measured the expression of TSLP in primary rat vascular smooth muscle cells (VSMCs) exposed to angiotensin II (Ang II) and evaluated the capacity of TSLP induced by Ang II to induce the differentiation of Th17 Cells. We then sought to identify the involved upstream regulatory mechanisms. We found that VSMCs express TSLP in response to Ang II in an AT1 receptor/NF-KappaB manner. TSLP can induce the differentiation of Th17 Cells by triggering DCs. Conclusion: Through DC activation, Ang II-induced TSLP enhances Th17-driven immune response in atherosclerosis and hypertension.
Introduction
Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in many countries [1] . Atherosclerosis and hypertension are the most common forms of CVD, and
Immunohistochemistry (IHC)
The cellular localization of TSLP expressed in VSMCs was assessed by specific immunohistochemical staining analysis utilizing a purified rabbit anti-murine TSLP Ab (ProSci Inc., USA). According to the manufacturer's instructions, the whole immunostaining procedure was performed using a commercial kit (EnVision TM Detection Kit, Gene Tech (Shanghai) Ltd., China) that employed the two-step procedure, Cells were trypsinised from flasks and seeded onto sterile coverslips placed in six-well plates, so that there were 1×10 4 cells on each coverslip. Coverslips were incubated at 37°C in 5% CO 2 . When grown to semiconfluence, cells were appropriately treated and incubated with different agent(s) according to the protocol as described above. Then the media were aspirated and cultured cells washed 3 times with 0.01 mol/L phosphate-buffered saline (PBS) (pH 7.2-7.4), fixed for 1 h with 4% paraformaldehyde. Following fixation, cell-coated coverslips were rinsed three times for 5min in PBS. The cultures were permeablised with 0.1% Triton X-100 for 15 min and subsequently washed. Endogenous peroxidase was blocked by 3% H 2 O 2 in absolute methanol for 10 min and coverslips then were washed again. Cells were incubated overnight at 4°C followed by anti-TSLP rabbit polyclonal antibody (2.5 μg/mL), then exposed to a peroxidase-conjugated polymer anti-rabbit IgG (ChemMate TM DAKO EnVision TM /HRP, Rabbit/Mouse (ENV)) for 45 min at room temperature and washed again. The peroxidase labels were visualized, as the brown/ black reaction product, by incubating the cells with the fresh 3,3'-diaminobenzidine (DAB) fluid. Finally, Coverslips were rinsed in deionized water, counterstained with haematoxylin, differentiated with 0.1% Zhao/Li/Wang/Su/Fang/Lin/Mohabeer/Li: TSLP in Atherosclerosis and Hypertension
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Cellular Physiology and Biochemistry hydrochloric acid, dried and mounted with neutral gums. The negative control group was carried out with the same steps as described above, but primary antibody was replaced by PBS. Every coverslip was counted in 5 randomly selected high power fields under light microscopy by one author. Images were collected using a telecytological microscope system (Olympus Ltd., Japan) with Digital Camera DXM1200 (Nikon, Japan) and analyzed with Software Image-Pro Plus Version 6.0 (MediaCybernetics, Bethesda, MD, USA).
Enzyme-linked Immunosorbent Assay
According to the manufacturer's protocol (R&D Systems, USA), enzyme-linked immunosorbent assay (ELISA) for TSLP was performed to determine the levels of TSLP protein in the supernatants of the conditioned media from VSMC cultures after treatment as described in the previous section. The results were compared with a standard curve. Color development was measured at 450 nm by means of a spectrophotometer. Each sample was tested for these cytokines in triplicates. In all ELISA experiments including the following section both inter and intra assay variations were <10%, and the specificity was > 90.3%.
Real-time Reverse Transcription-polymerase Chain Reaction
The level of TSLP mRNA expression was analyzed by real-time reverse transcription-polymerase chain reaction (Real-time RT-PCR). Cells were harvested from different groups, and total cellular RNA was isolated using Trizol reagent (Invitrogen, USA) according to the manufacturer's recommendations. RNA concentration and its purity were measured by a spectrophotometer. One microgram of total RNA was reversely transcripted into cDNA using RNA PCR Kit (Takara Biotechnology, Japan) and the cDNA was used as a template. The real-time PCR was carried out with Applied Biosystems Step One Real-Time PCR System (Applied Biosystem, USA) according to the manufacturer's protocol. A housekeeping genes GAPDH was used as an internal control for the PCRs. The sequences of the primer were as follows: TSLP (5'-CGA GCA AAT CGA GGA CTG TGA G-3' and 5'-GCA GTC GTC ATT GAG CGC TTC-3'); GAPDH (5'-AAC CTG CCA AGT ATG ATG ACA TCA-3' and 5'-TGT TGA AGT CAC AGG AGA CAA CCT-3'). The PCR reaction mixture was prepared with the SYBR Green I (Takara Biotechnology, Japan), cDNA, and the primers following the manufacturer's protocol. The amount of gene expression was then calculated as the difference (ΔCt) between the Ct value of target gene and the Ct value of GAPDH. Fold changes in target gene mRNA were determined by the formula 2 -ΔΔCt .
Isolation and culture of DCs and CD4
+ T cell Myeloid dendritic cells (mDCs) were generated as previously described. Bone marrow cells were aspirated from the femurs and tibiae of Sprague-Dawley rats, and cultured in RPMI 1640 supplemented with 20% NCS, 4 ng/mL rGM-CSF, 4 ng/mL IL-4, 2 mM glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin. Every 2 days, fresh media supplemented with rGM-CSF and IL-4 was added. Finally, non-adherent cells (which represented mDCs) were collected. DC purity was evaluated by the technique of flow cytometry with cell surface markers for OX62.
T cells were isolated from splenocyte suspension of Sprague-Dawley rats by ficoll density gradient centrifugation. CD4 + T cells (>92% purity) were obtained from leukocyte enriched fraction by positive selection using anti-CD4 + microbeads in a MiniMACs system (Miltenyi Biotech, Bergisch Gladbach, Germany).
Flow cytometric analysis
The mDCs were directly mixed with VSMCs from different groups by the transwell technique [50] . The expressions of the costimulatory molecules on DCs were analyzed by Flow cytometry. Briefly, DCs from different groups were incubated with mouse anti-rat monoclonal OX62 (Serotec, UK), CD80 and CD86, MHC II antibodies (BD Pharmingen, USA) at 4°C for 30 min, respectively. Cells were then washed twice with PBS which contains 2% bovine serum albumin and 0.1% NaN3. Matched isotypes were used as the negative control to correct for nonspecific antibody binding. Incubated cells were re-suspended in 500 μL PBS with 1% paraformaldehyde and immediately were run on a FACS LSR α (Becton Dickinson, USA). The percentage of positive cells was determined by the Cell Quest program (Becton Dickinson, USA).
In some groups, anti-murine TSLP-neutralizing antibody (20 µg/mL) was added in the co-culture. After 48h of co-culture, DCs were collected and washed three times with PBS to remove excess cytokines. The remaining cells and CD4 + T cells were co-cultured at a DC:T-cell ratio of 1:5 for 48h. The amount of Th17-associated cytokines in the culture supernatants was measured using the specific ELISA kit. Intracellular staining for IL-17 in CD4 + T cell was measured. Thereinto, rabbit anti-rat IL-17 antibody was got from Santa 
Nuclear Extracts and EMSA to NF-κB Consensus Oligonucleotide
Furthermore, to better understand the intracellular mechanisms by which Ang II induces TSLP expression in VSMCs, we carried out more experiments designed to test the hypothesis that NF-κB might be involved in mediating this phenomenon. Nuclear protein extracts were prepared [51] . In brief, as described in Figure legend 1 , confluent VSMCs were incubated with different agent(s) then washed with PBS, and harvested by scraping. After being pelleted by centrifugation (10 minutes 3000g), cells were resuspended in ice-cold hypotonic lysis buffer (in mmol/L: HEPES 10 [pH7.9], KCl 10, MgCl 2 •6H 2 O 1.5, EDTA 0.1, DTT 1, and PMSF 1) and homogenized. Cell suspensions were incubated for 5 min on ice, then briefly vortexed following the addition of 0.1% Nonidet P-40. Samples were centrifuged (5 minutes 12.000g, 4°C) and supernatants removed. Nuclei were resuspended in an ice-cold hypertonic salt buffer (in mmol/L: HEPES 20 [pH 7.9], NaCl 420, EDTA 0.1, MgCl 2 ·6H 2 O 1.5, DTT 1, and PMSF 1) and incubated on ice for 30 min with intermittent vortexing. Samples were centrifuged (15 minutes 12.000g, 4°C), and the supernatant containing nuclear proteins was stored at -70°C until further use. Protein concentration in supernatants was determined using a BCA TM Protein Assay Kit (Pierce Inc., USA).
The levels of NF-κB proteins in nuclear extracts from the cells were analyzed by electrophoretic mobility shift assay (EMSA). We use a commercial kit (Light Shift TM Chemiluminescent EMSA kit, Pierce, USA) with the biotin-labeled oligonucleotide probe containing the sequence of the NF-κB binding site: forward 5'-AGT TGA GGG GAC TTT CCC AGG C-3'; reverse 5'-GCC TGG GAA AGT CCC CTC AAC T-3'. According to the manufacturer's instructions, the binding reactions were performed for 20 minutes in 10 mmol/L Tris-HCl (pH 7.5), 50 mmol/L KCl, 5 mmol/L MgCl 2 , 1 mmol/L dithiothreitol, 50 ng/µL poly (dI-dC), 0.05% NP-40, 2.5% glycerol, biotin 3'-end-labeled double-stranded oligonucleotide, and nuclear protein extract (30 µg/ well). Protein-DNA complex was separated from free DNA probe by electrophoresis in a non-denaturing 6% polyacrylamide gel in 0.5 × TBE buffer and then transferred to a nylon membrane. The biotin end-labeled DNA was then detected by chemiluminescence. Images were collected using BioDoc-It 220 Imaging System (UVP Inc., USA) and analyzed for signals with Software Image-Pro Plus Version 6.0 (MediaCybernetics, Bethesda, MD, USA). Competition studies were performed by the addition of 100-fold excess unlabeled oligonucleotide to the binding reaction.
Statistical Analyses
Results are shown as mean ± SD of at least three independent experiments. The significance of differences was determined using ANOVA followed by Student-Newmann-Keuls multiple comparison tests. P values of < 0.05 were considered statistically significant. All statistical analyses were performed with SPSS 17.0 (SPSS Inc., Chicago, IL).
Results

Ang II Induced TSLP Expression in the Cytoplasm of VSMCs
In VSMCs, Ang II induces the production of cell adhesion molecules, chemokines and cytokines, which contribute to the initiation and progression of atherosclerosis and hypertension. To better understand the pathogenesis of atherosclerosis and hypertension, we first investigated whether the protein TSLP is expressed in primary rat VSMCs exposed to Ang II. Immunohistochemical staining was performed as described in Methods. Typical presentations were shown in Figure 1 . A quantitative analysis of the TSLP staining was shown in bar graphs of Fig. 1 . As a normal control, very weak or no staining was detectable in the smooth muscle cells incubated with NCS-free medium (MOD = 0.49 ± 0.14), while strongly positive staining for TSLP was evident in VSMCs incubated with Ang II (0.1 µmol/L) or TNF-α (10 ng/mL) for 12h (MOD = 280.40 ± 18.88, 219 ± 34.11, respectively, all P < 0.001 ). TNF-α-treated group was shown here as the positive control. NF-κB activation performs the broad function in inflammation and immunity, which is close related to various cardiovascular diseases. Additionally, the NF-κB signaling pathway has been reported to be involved in 
ELISA Analysis of TSLP Protein Release in Cell Supernatants
To further confirm this phenomenon at the protein level, we measured the level of TSLP in cell supernatants using ELISA. Serum-deprived VSMCs were stimulated with graded 
Pro-inflammatory Mediator Ang II Induced Gene Expression of TSLP in Cultured VSMCs
Previous studies have shown that pro-inflammatory mediators IL-1β and TNF-α can induce TSLP mRNA expression in HASMCs in vitro. Moreover, based on our above findings, it was possible that Ang II, with or without PDTC or valsartan, affects TSLP expression by modulating the levels of TSLP mRNAs. To address this possibility, total cellular RNAs were isolated from VSMCs and analyzed by real-time RT-PCR using GAPDH mRNA as an internal reference for normalization. As shown in Fig. 3 , in agreement with TSLP protein expression, there was a significant, dose-dependently increase compared with the control in TSLP mRNA expression following Ang II (0.01, 0.1, 1 µmol/L) or TNF-α stimulation for 6 h (Fig. 3A, all , it is noteworthy that there was a time-dependent effect on TSLP mRNA production ( Fig. 3B , P < 0.05). After pre-incubation of VSMCs with PDTC or valsartan in a similar fashion, the expression of TSLP mRNA was inhibited markedly (Fig. 3B , P < 0.01). Collectively, our current data establish the fact that Ang II induces the TSLP expression in VSMCs and PDTC or valsartan can reverse this process.
TSLP Induces the Differentiation of Th17 Cells by Triggering Dendritic Cells
The anti-OX-62 antibody recognizes the E2 integrin alpha chain expressed by rat DC. Previous study have successfully use OX-62 to identify DC in rats. As expected, the results of the flow cytometry revealed that after culture the specific expression of OX62 in rat DCs was > 83% (Fig. 4A) . The expression of cell surface markers, such as CD80, CD86, and MHC II, is well used to assess the maturation status of DCs. On day 8 of culture, mDCs were concultured with VSMCs from different treated groups. Ang II-treated VSMCs up-regulates expressin of these molecules on mDCs compared with control group by flow cytometric analysis (Fig.4 B  and C) . When PDTC or valsartan was added in VCMCs culture circumstance, the expression of CD80, CD86, and MHC II on DCs were markedly reduced.
Th17 cells has for long been an area of active investigation. The differentiation of Th17 cells from naïve CD4 + T cells is regulated by many cytokines. IL-6 and TGF-β are dominant in the initiation of Th17 cell differentiation. IL-1β and IL-23 were believed to be important in expanding and maintaining the differentiation of Th17 cells. IL-17, as a signature cytokine in Th17 immune response, has been highlighted in patients with atherosclerosis or hypertension. It is known that in many immune related diseases, TSLP exerts profound influence on Th2 cell response by driving DC Maturation. More recently, there is compelling (Fig. 5A) . Ang II-treated groups displayed a significant increase in their capacity to produce IL-1β (185.36 ± 9.88 pg/mL, P < 0.001), IL-6 (10.19 ± 1.60 ng/mL, P < 0.001), TGF-β (2.03 ± 0.18 ng/mL, P < 0.001), IL-23 (151.43 ± 10.88 pg/mL, P < 0.001) and IL-17 (819.69 ± 61.50 pg/mL, P < 0.001), compared with those in the control (44.87 ± 3.57 pg/mL, 2.11 ± 0.18 ng/mL, 0.39 ± 0.06 ng/mL, 26.79 ± 6.03 pg/mL, 80.70 ± 9.32 pg/mL, respectively). Anti-TSLP neutralizing antibody and valsartan significantly inhibit production of these cytokines (all P < 0.001), implying a TSLP-dependent process. As shown in Fig. 5 , mDCs could effectively induce the differentiation of Th17 cells in Ang II-treated groups (apart from 0.01µmol/L). Upon Ang II (0.1 µmol/L) with anti-TSLP neutralizing antibody or valsartan stimulation, mDCs markedly inhibits the differentiation of Th17 cells compared with Ang II (0.1 µmol/L) -treated groups.
Ang II Upregulates NF-κB DNA binding Activity in VSMCs
Nuclear factor κB (NF-κB), as a crucial transcription factor, is involved in the regulation of inflammatory and immune genes, cell proliferation, and apoptosis. To test the hypothesis that NF-κB might be involved in Ang II inducing TSLP on VSMCs, electrophoretic mobility shift assay (EMSA) was performed with specific oligonucleotide probes for the NF-κB binding site regions. As illustrated in Fig. 6 , Ang II evoked a clear increase in binding of NF-κB consensus oligonucleotides with DNA (lane 3, integrated option density (IOD) = 14534 ± 931.72, P < 0.001), compared with constitutive level of NF-κB activation on primary rat VSMCs without treatment (lane 2, IOD = 7900 ± 556.72). By contrast, pre-incubation VSMCs with PDTC or valsartan, showed markedly diminished Ang II -induced NF-κB nuclear translocation (lane 4, IOD = 4288 ± 333.05, lane 5, IOD = 2874 ± 709.97, all P < 0.001). NF-κB complexes disappeared when competition experiments were performed with an excess of unlabeled NF-κB sequence, demonstrating the specificity of NF-κB DNA-binding (lane 1). It is plausible to postulate that Ang II induces the production of TSLP via the AT1 receptor/NF-κB signaling pathway.
Discussion
The present study reveals several new findings concerning the relationship of Ang II and DCs in Th17 immune response of atherosclerosis and hypertension. First, in primary cultured VSMCs, Ang II induced the expression of TSLP at the level of protein and mRNA ( Fig. 1-3) . Second, Ang II up-regulated the expression of TSLP in VSMCs in concentrationand time-dependent ways (Figs 2 and 3) . Ang II-treated VSMCs boosted the expression of the costimulatory molecules including CD80, CD86, and MHC II, confirming the maturation of DCs (Fig. 4) . Furthermore, TSLP from Ang II-treated VSMCs potentially induce the differentiation of Th17 Cells by triggering DCs, as evident of the strong induction of the Th17 related cytokine secretion (IL-1β, IL-6, TGF-β, IL-23, IL-17), and the production of the CD4 +
IL-17
+ T cells (Fig. 5) . Third, both NF-κB inhibitor PDTC and the AT1 receptor antagonist valsartan remarkably suppressed Ang II-induced TSLP production and DC activation in cultured VSMCs. (Fig. 2B, Fig. 3B and Fig. 4 ). Our present results further supported the fact that in VSMC culture, NF-κB activation is an important intracellular signaling for Ang IIinduced pro-inflammatory effects (Fig. 6) [39, 40] . We speculated that the NF-κB pathway is likely to mediate Ang II-induced TSLP expression in VSMCs. Moreover, most of the known physiological and pathophysiological effects of Ang II are mediated by angiotensin type 1 receptors [29, 30] . Considerable papers have shown that Ang II, mainly working via AT1 receptor on VSMCs, induces activation of NF-κB [52, 53] . Reasonably, based on these [31] , but is also implicated in the pathology of CVD by altering vasoreactivity and endothelial function, inducing VSMC proliferation and migration, promoting ROS production, inflammation, inciting leukocyte adhesion [24, 28, 45, 47] . Ang II give rise to an inflammatory response and activation of T cells in blood vessels [28, 47, 54] . Ang II can amplify Th17 response, playing an important role in Ang II-induced atherosclerosis and hypertension [11, 55] . In the aortic media, Ang II infusion increases IL-17 production from T cells and IL-17 protein. The AT1 activation has a key role in these actions. The therapeutic use of ARB has extensively beneficial effects in attenuating the development of atherosclerosis and hypertension [29, [31] [32] [33] . Moreover, VSMCs play a fundamental role in maintaining vascular structure and function. In addition to contractile activity, VSMC proliferation and inflammation also participate in hypertension [44, 56, 57] . VSMCs are involved in atherosclerosis through a series of effects such as generating extracellular matrix protein, uptaking lipid, expressing adhesion molecules and cytokines [30, 44, 45, 58] . Upon Ang II stimulation, VSMCs produce ICAM-1, VCAM-1, and MCP-1, which can promote monocytes/macrophages and leukocytes adhesion and/or infiltration to accelerate the progression of cardiovascular dysfunction [59, 60] . Our results showed that Ang II was able to induce TSLP production in VSMCs, which may complicate these responses.
Chronic inflammation has been advocated as one of the important etiological factors for CVD. Inflammation contributes to all stages of atherosclerosis, from its initiation through its progression and its ultimate complication of thrombosis [4, 5, 43, 47, 54] . Cytokines and inflammatory mediators work in concert with the direct effects of Ang II, catecholamines and salt to cause renal and vascular dysfunction in hypertension [7, 61] . Studies carried out over the past few years have been immensely fruitful in terms of advances in our understanding of the adaptive immune mechanisms of atherosclerosis [4, 5, 17, 18] . There was an increase in Th17 and IL-17 in atherosclerosis aorta in mice. Peripheral Th17 cell number and Th17-associated cytokine (IL-17, IL-23 and IL-6) levels markedly increased in patients with acute coronary syndrome. Some people think that Th17/Treg imbalance plays an important role in plaque destabilization. Some elegant studies have shown that Th17 immune response plays an important modulatory role in hypertension [11, 14, 28] . Likewise, Th17 cells can modulate blood pressure and tissue injury in Ang II, Dahl salt-sensitive and deoxycorticosterone saltsensitive hypertension.
DCs which orchestrate adaptive immunity and act as sentinels that monitor the extracellular space in search for dangerous proteins and present to T cells via MHC molecules, and polarize naïve T cells into different effector T cells. In recent years, the pivotal role of DCs in adaptive immunity has been a focus of growing interest in CVD. Located DCs mainly are deposited in rupture-prone regions of the atherosclerotic plaques where they exhibit a mature phenotype [21] . In these areas, activated DCs were found to form direct contact with T lymphocytes [21, 22] and conceivably may elicit a local immune response. The potential role of DCs in atherosclerosis and hypertension needs to be defined. Much attention has also been drawn to the role of TSLP, which drives DCs maturation and activation and further triggers immune response. Studies have established a direct link between TSLP, as a master switch Th2 driven allergic inflammation, and the pathogenesis of atopic dermatitis (AD) and asthma. TSLP can also sense the outside world and regulate barrier immunity in inflammatory bowel disease [37] . Additionally, TSLP has been found to be involved in autoimmune diseases [36] and chronic obstructive pulmonary disease (COPD) [41] , which described it as a chronic inflammation disease with adaptive immune disorder. TSLP in the role of Th17 response remains poorly understood and is only beginning to be elucidated. Through DC activation, human TSLP and TLR3 ligands promoted differentiation of Th17 cells [36] . In the mouse models of arthritic, TSLP and its receptor can enhance Th17-driven arthritis and tissue destruction [62] . TSLP is closely associated with NF-κB, which has gained acceptance as an influential nuclear transcription factor in atherosclerosis and hypertension. Th17 cells arise from differentiative signals from TGF-β, IL-1 and IL-6, while stability and maintenance of this cell type is mediated by IL-23. In this study, TSLP from Ang II-induced VSMCs elevates these Th17-associated cytokines secretion and induces the differentiation of Th17 Cells. We infer that through evoking Th17 immune response, TSLP may play a potential role in the development of atherosclerosis and hypertension Prolonged activation of NF-κB, which may occur through persistence of the stimulating agent(s), is a common hallmark of atherosclerosis and hypertension [54, 63] . Analysis of the TSLP gene promoter revealed an NFκB site 3.7 kb upstream of the transcription start site that was critical for this inducible expression [64] . The NF-κB activation has been reported to be involved in TSLP expression in airway epithelial cells (AECs) [64] , HASMCs [41, 42] , synovial fibroblasts [65] , intervertebral disc cells [66] , mast cells [67] and human corneal epithelial cells [38] . The angiotensin-converting enzyme inhibitor (enalapril) and an angiotensin II type 1 receptor blocker (losartan) provided renoprotective benefits in TSLPtg mice. Our study further highlights the importance of the AT1 receptor/NF-κB pathway in the regulation of TSLP expression.
Collectively, our study showed that pro-inflammatory cytokine Ang II induces TSLP expression in primary VSMCs. TSLP from Ang II-treated VSMCs induced the differentiation of Th17 Cells. AT1 receptor/NF-κB pathway may mediate Ang II-induced TSLP production in VSMCs. It will provide a novel line that Ang II stimulates TSLP expression in VSMCs, which is likely to attract DCs to local regions of vascular cell dysfunction and trigger Th17 cell immune responses, which participates in the development of atherosclerosis and hypertension. Our data have just started to appreciate the extraordinary life of TSLP and further supported the concept that Th17 cell immune mechanisms have a critical role in atherosclerosis and hypertension. Much work yet remains to be accomplished to advance our knowledge of the adaptive immunity in the pathogenesis of atherosclerosis and hypertension, which may help to successfully manipulate the two diseases.
